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Abstract
The implementation of graphene in semiconducting technology requires the precise knowledge
about the graphene-semiconductor interface. In our work the structure and electronic properties
of the graphene/n-Ge(110) interface are investigated on the local (nm) and macro (from µm to
mm) scales via a combination of different microscopic and spectroscopic surface science techniques
accompanied by density functional theory calculations. The electronic structure of freestanding
graphene remains almost completely intact in this system, with only a moderate n-doping indicat-
ing weak interaction between graphene and the Ge substrate. With regard to the optimization of
graphene growth it is found that the substrate temperature is a crucial factor, which determines
the graphene layer alignment on the Ge(110) substrate during its growth from the atomic car-
bon source. Moreover, our results demonstrate that the preparation routine for graphene on the
doped semiconducting material (n-Ge) leads to the effective segregation of dopants at the interface
between graphene and Ge(110). Furthermore, it is shown that these dopant atoms might form
regular structures at the graphene/Ge interface and induce the doping of graphene. Our findings
help to understand the interface properties of the graphene-semiconductor interfaces and the effect
of dopants on the electronic structure of graphene in such systems.
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I. INTRODUCTION
Systems on the basis of graphene (gr) layers on different supports - metallic, semiconduct-
ing, or insulating - are the focus of intensive fundamental and technology-related studies [1–
4]. Many of them aim at the integration of the obtained graphene layers in next generation
micro(nano)-electronic and spintronic systems. However, different graphene-substrate sys-
tems have various drawbacks, which can limit their adaptation in technological processes.
For example, graphene synthesis on polycrystalline Cu foil is used for the fabrication of the
dozens-inches-sized graphene, which can then be transferred onto the desired polymer or
insulator support [5] and subsequently be used for the preparation of touch screens, sensors,
etc. [6–8] Nevertheless, as was recently found, the level of residual metallic contamination
does not allow for the adaptation of this graphene synthesis procedure on metallic support to
modern semiconductor technology [9, 10]. Growth on insulating oxide surfaces requires rel-
atively high temperatures of about or more than 1000◦C and the quality of the synthesized
graphene layer remains to be improved [11, 12].
Taking into account the previously described drawbacks, the direct growth of graphene
on semiconducting surfaces is the most promising way for graphene implementation in mod-
ern semiconductor technology. The natural choice of SiC as a substrate for the graphene
growth is limited by the relatively high price of the respective substrate (i. e. large scale
wafers) as well as the high temperature used during synthesis [13, 14]. Alternatively to the
previously described approaches of graphene integration in semiconductor technology, the
new method of graphene growth on semiconducting Ge surfaces was recently developed [15].
This approach might be technologically relevant as Ge(001)/Si(001) and Ge(110)/Si(110)
epilayers are readily available and used in present day semiconducting applications.
Further experimental and theoretical studies on the gr/Ge system demonstrate that al-
though the Ge(001) surface is the most suitable for the processing, it undergoes facetting
upon graphene synthesis and the formation of the Ge(107) facets was determined by means
of different microscopy techniques [16–20]. For gr/Ge(110) and gr/Ge(111) no such rear-
rangement of the underlying Ge surface was observed [15, 17], which makes these gr/Ge
interfaces more suitable for the further applications. The electronic structure of the gr/Ge
interfaces was partially addressed in recent studies, where contradictory results were ob-
tained for graphene grown on Ge(001)/Si(001) epilayers by means of molecular-beam epi-
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taxy (MBE) from the atomic-carbon source [21] and chemical-vapour deposition (CVD)
using the CH4/Ar/H2 mixture [20]. Graphene was found to be either p-doped with
a position of the Dirac point at ED − EF = +0.185 eV [21] or slightly n-doped with
ED − EF = −0.05... − 0.1 eV [20], respectively (here EF is the Fermi energy and ED is
the Dirac point energy). The effect of possible dopants has not been investigated up to now.
Here we present our studies of the structure and electronic properties of graphene pre-
pared by means of MBE from an atomic-carbon source on n-doped (Sb) Ge(110). These
studies were performed via a combination of different microscopic and spectroscopic methods
accompanied by density functional theory (DFT) calculations. We found that the substrate
temperature used during graphene growth is the crucial factor which determines the align-
ment of the graphene layer on Ge(110). Our results demonstrate that graphene on n-Ge(110)
is almost free-standing and slightly n-doped due to the segregation of Sb-dopants at the in-
terface during the preparation procedure. These findings are supported by the present DFT
results allowing to identify the source of graphene doping at the gr/Ge interfaces.
II. RESULTS AND DISCUSSION
The quality and the crystallographic structure of the grown graphene layers on n-Ge(110)
were investigated by means of low-energy electron diffraction (LEED) and scanning tunneling
microscopy (STM). Fig. 1 shows LEED images of the clean Ge(110) surface (left column)
as well as of the gr/Ge(110) interface prepared at two different substrate temperatures
used during carbon deposition: 850◦C (Sample A, middle column) and 900◦C (Sample B,
right column). The LEED image of Ge(110) demonstrates diffraction spots, which can be
assigned to the c(8 × 10)-reconstructed steps of Ge(110) separated by {17 15 1} facets [22–
24]. Deposition of carbon on Ge(110) kept at 850◦C followed by the sample cooling (Sample
A) leads to the formation of two sets of diffraction spots of hexagonal symmetry (Fig. 1,
middle column). As was shown earlier in Ref. 25, these spots can be assigned to two types
of graphene domains, which are misoriented by ±15◦ with respect to the graphene single-
domain orientation observed earlier [15, 17, 26, 27] and in the present work (see below).
The increase of the Ge substrate temperature during carbon deposition up to 900◦C
leads to single-domain graphene growth on Ge(110) (Fig. 1, right column). The analysis of
the LEED images of Ge(110) and gr/Ge(110) allows to conclude that for the single-domain
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sample (Sample B) the armchair direction of the graphene lattice is parallel to the < 11¯0 >
direction of Ge(110), similar to what was found in previous studies [26, 27]. The formation
of a graphene layer on Ge(110) leads to a lifting of the original c(8 × 10) reconstruction
of Ge(110), but this surface undergoes further restructuring (middle row in Fig. 1). Our
preliminary analysis shows that the Ge surface underneath graphene rearranges into a (n×2)
structure, however, further studies in this direction are necessary.
The morphology and the thickness distribution of the formed graphene layer on Ge(110)
were studied by means of low-energy electron microscopy (LEEM) and the results for Sample
A are presented in Fig. 2. This figure shows two LEEM images recorded at (a) Evac+2.82 eV
and (b) Evac + 4.80 eV with a field of view (FOV) of 9.7µm. The set of images collected in
the energy range of −1 ... 20 eV with respect to Evac is used for the extraction of the space
resolved electron reflectivity spectra and a series of such spectra is presented in (c) for the
different positions marked in the LEEM images. According to Refs. 28, 29 the number of
low-energy minima for the electron reflectivity curve corresponds to the number of graphene
layers on the substrate as the conduction band of graphite along the Γ − A direction of
the Brillouine zone is quantized due to the finite thickness of the film. From the spectra
presented in panel (c) we conclude that prepared graphene layer on Ge(110) is uniform on
the µm-scale with a thickness of 1 ML (except for very small areas).
The ordering and structure of the gr/n-Ge(110) interface on the nm-scale was investi-
gated by means of STM at different bias voltages. Such experiments allow to discriminate
between graphene and Ge(110) contributions in the imaging and to identify the relative
alignment of atoms in the graphene layer and the Ge(110) substrate. Fig. 3 shows STM
images of (a) clean Ge(110) and (b-d) gr/Ge(110) (Sample B) collected at different bias
voltages marked in every image. In image (d) the bias voltage was changed on-the-fly from
+1.0 V to +0.1 V in order to trace the atomic alignment as well as the locations of the impu-
rities in the sample. Similar to Ref. 27 and to the present LEED measurements (see Fig. 1),
we found that the armchair direction of the graphene lattice is parallel to the < 11¯0 >
direction of Ge(110) as shown in the left-hand side of Fig. 3(e), where the DFT optimized
crystallographic structure of the gr/Ge(110) interface is presented (detailed discussion of
the DFT results is presented below). The respective simulated STM images of such gr-Ge
interface calculated for the experimentally used bias voltages are shown on the right-hand
side of the same panel. One can clearly see that experimentally obtained STM images of
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gr/Ge(110) demonstrate pronounced areas of high electron density, which are imaged as
bright patches. Variation of the bias voltage between ±0.1 V and ±1.0 V allows to assign
them to agglomerations of the impurity atoms which segregate at the gr/Ge(110) interface
and contribute strongly to the imaging contrast. For the present samples, these impurities
are Sb atoms, which can segregate during the sample preparation routine (sample sputter-
ing and high-temperature annealing) and, as was shown in our previous [25] and present
experiments, they can define the doping level of the formed graphene layer on Ge(110). The
DFT optimized crystallographic structure of the gr/Sb/Ge(110) interface with an ordered
Sb layer and the respective calculated STM images are shown in Fig. 3(f). Experimental
and theoretically calculated STM images are different with respect to the positions of the
Sb atoms, disordered agglomerations for the experiment and ordered for the model used in
our DFT calculations. Nevertheless we observed a reasonable agreement between the two
images. Moreover, the inclusion of the correct concentration of Sb atoms at the gr-Ge inter-
face in our model (27 Sb atoms per (9×9) graphene supercell) leads to the valid description
of the doping level of graphene obtained from scanning tunneling spectroscopy (STS) and
angle-resolved photoelectron spectroscopy (ARPES) measurements as well as the graphene
corrugation in the STM experiment (detailed discussion of the DFT results is presented
below).
Systematic photoelectron spectroscopy studies of the gr/n-Ge(110) system on the
hundred-µm-scale were performed in a series of beamtimes at the BESSY II synchrotron
facility and these results are compiled in Figs. 4 and 5. The cleanliness of the sample after
annealing at 800◦C in ultra-high vacuum (UHV) conditions as well as the chemical state of
the elements in the system were probed by means of x-ray photoelectron spectroscopy (XPS)
(Figs. 4(a-c)), which demonstrate the absence of oxygen contamination at the interface: the
possible energy range for the O 1s line is marked by the horizontal bar in panel (a) and the
absence of any trace of GeOx in the surface sensitive measurements of the Ge 3d line confirms
this result. A single sharp C 1s line measured for gr/Ge(110) indicates the homogeneous
sp2 structure of the formed graphene layer. A comparison of the binding energy of this
line at (284.56 ± 0.02) eV with the respective positions for other epitaxial graphene-based
systems [30] indicates the n-doping of graphene. This result is opposite to the previous ex-
periments, where p-doped graphene was observed: by means of ARPES, DFT and transport
measurements for the Ge-intercalated gr/SiC system [31–33] and by means of nano-ARPES
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for graphene layers grown via CVD and MBE methods on Ge(001)/Si(001) epilayers [21].
However, recent ARPES experiments on similarly CVD-prepared gr/Ge(001)/Si(001) sam-
ples demonstrate the slight n-doping of graphene with a position of the Dirac point of
ED − EF = −0.05 ... − 0.1 eV.
Figure 4(d) shows the results of the C K-edge near-edge x-ray absorption fine struc-
ture (NEXAFS) studies of the gr/n-Ge(110) system. In this method, the photon energy is
scanned around the value corresponding to the binding energy of the C 1s core level, leading
to the excitation of this electron to the unoccupied valence band states of graphene. This
method is element specific, giving the information about the partial density of states above
EF as well as allowing to determine the spatial orientation of these states via the so-called
search-light-like effect. The analysis of the angle-dependence of the NEXAFS signal allows
to assign intensity peaking at 285.3 eV to the excitation of the 1s electron onto the pi∗ un-
occupied states of graphene and intensity in the range of 291 − 295 eV to the 1s → σ∗
transition. These results for gr/Ge(110) can be compared to the experimental and theoret-
ical NEXAFS spectra of graphene and gr/Ni(111) [34]. The shape of both 1s → pi∗ and
1s→ σ∗ NEXAFS lines as well as the distance between them can be taken as a measure of
the interaction strength between graphene and substrate. In the case of strongly interacting
graphene-metal systems, like gr/Ni(111) or gr/Rh(111) [35, 36], where orbital mixing of the
graphene- and substrate-derived states is observed, the shape of both NEXAFS transition
lines is strongly disturbed compared to the ones for free-standing graphene. The distance
between the two main peaks is also reduced due to the partial sp2− to− sp3 rehybridization
observed in graphene in these systems. For free-standing graphene or weakly interacting
graphene-substrate systems, like gr/Pt(111) or gr/Al(111) [35, 37], the C K-edge NEXAFS
spectra are very similar to the one obtained in our experiments for the gr/Ge(110) system,
proving the weak interaction between graphene and Ge substrate without valence orbital
mixing at the interface.
The electronic structure below EF of both gr/Ge(110) samples, A and B, was studied by
means of ARPES (Fig. 5) (see also Movies S1 and S2 in the Supplementary Material). Panels
(a) and (b) show stacks of the constant energy cut (CEC) ARPES intensity maps extracted
from the complete 3D PES intensity data sets, I(EB, kx, ky), for the two-graphene-domains
(Sample A) and for the single-graphene-domain (Sample B) layers on Ge(110), respectively.
These maps are presented for E−EF = −1 eV, −2 eV, and −3 eV. As is well-known for free-
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standing graphene, in the vicinity of ED (which in this case coincides with EF ) the energy of
the electronic states of graphene depends linearly on the wave-vector k. These energy bands
form the so-called Dirac cones at the six K-points in the corners of the hexagonal Brillouin
zone of graphene. For Sample A, in agreement with the above presented LEED data (Fig. 1,
middle column), we observed 12 equivalent graphene ARPES emission spots centred at
the 12 K-points belonging to two Brillouin zones and originating from two equivalent, but
misoriented graphene domains on Ge(110) present for this type of sample. Two equivalent
points in the hexagonal Brillouin zones for these two domains are marked by K1 and K2,
respectively. In case of Sample B, where LEED shows solely one set of hexagonal spots
for the single-graphene-domain layer on Ge(110) (Fig. 1, right-hand column), only one set
of the ARPES emission spots centred at the 6 K-points of the hexagonal Brillouin zone is
observed, confirming the high-quality of the studied samples.
Figure 5(c) shows the ARPES intensity map along the Γ−K1 direction of the Brillouin
zone (marked in the upper slice of (a)) corresponding to one of the graphene domains of
Sample A. The dispersions of the graphene-derived pi bands for the respective graphene
domains are clearly resolved: pi1 is going towards EF and pi2 is bent downwards at ≈ 3 eV
binding energy, as the dispersion for this band is related approximately to the Γ−M direction
of the graphene Brillouin zone for the second graphene domain of Sample A. The inset of
panel (c) shows the ARPES intensity map taken as a cut at the K-point through the data
set for Sample B along the direction perpendicular to Γ − K (marked in the upper CEC
of (b)). Although the ARPES intensity is slightly blurred along these directions for both
samples (see also the respective LEED images in Fig. 1), our estimation for the Dirac point
position gives ED − EF = −210± 50 meV, i. e. graphene is n-doped in the studied system.
The linear fit of the ARPES dispersion in the vicinity of EF for Sample B yields Fermi
velocity of vF = (1.38± 0.15)× 106 m/s, which is in agreement with previous nano-ARPES
experiments [21]. These results are consistent with our previous preliminary data [25] as
well as with present results (see also discussion below).
The previous findings for the gr/n-Ge(110) system are confirmed by local nm-scale
STM/STS experiments. A large scale atomically resolved STM and the respective dI/dV
images of gr/Ge(110) (Sample B) acquired at VT = +200 mV are shown in Fig. 6(a) and
6(b), respectively. A fast Fourier transform (FFT) of the dI/dV image is shown in Fig. 6(c),
where several characteristic features can be identified. Firstly, the spots, which are in the
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corners of the big dashed-line hexagon, are assigned to the reciprocal lattice of graphene and
they originate from the atomic resolution imaging in STM and during dI/dV mapping.
The most interesting features are the ring-like structures located at the positions of the
(
√
3×√3)R30◦ points with respect to graphene’s atomic reciprocal structure (marked as a
dot-dashed-line hexagon in Fig. 6(c)). Spots are marked as (i), (ii), (iii) and their zooms
are presented in the bottom panels of (c). These features are assigned to the intervalley
scattering between graphene-related valence band states around the K and K′ points [38–
41]. The radius of these rings is 2k, where k is the wave vector of the Dirac particles at
an energy E relative to EF and it is measured with respect to the K-point of the graphene
Brillouin zone. An analysis of a series of such dI/dV maps measured at different bias
voltages VT allows one to identify particular scattering vectors between different electronic
states in the Brillouin zone at a fixed energy, E = eVT , and to plot the energy dispersion
of the charge carriers E(k) around EF . The results of these studies for gr/n-Ge(110) are
presented in Fig. 6(d) where experimental data points as well as the respective linear fit are
shown. According to these data graphene in the gr/n-Ge(110) system is n-doped with the
position of the Dirac point of ED − EF = −249± 40 meV and the extracted Fermi velocity
is vF = (1.82± 0.21)× 106 m/s.
The relatively high value of the Fermi velocity measured at 100 K (ARPES) and 10 K
(STM/STS) for graphene on Ge(110) can be assigned to the presence of the semiconduct-
ing substrate, which leads to a reduced screening of the electron-electron interaction in
graphene compared to the fully screened case. If we assume the ideal case of fully screened
electron-electron interaction in graphene, then the dielectric constant ε = ∞ and within
the local-density approximation (LDA) in DFT one obtains vF (LDA) = 0.85× 106 m/s [42].
The growth of graphene on a semiconducting substrate leads to effective dielectric constant
of ε = (εs + εv)/2 and to the Fermi velocity renormalization [43] (εs and εv are the dielec-
tric constants of substrate and vacuum, respectively). Our result for gr/Ge(110) is in line
with the recently reported high values of the Fermi velocity measured in gr/SiC, gr/h-BN,
gr/quartz, and gr/SrTiO3 systems [44, 45]. The increase of the Fermi velocity in graphene
on Ge(110) at low temperatures (10 K vs. 100 K) is assigned to the slight decrease of εGe
with temperature decrease [46, 47].
The above presented experimental results were analyzed in the framework of the DFT
approach. Several models of the gr/n-Ge(110) interface with inclusion of Sb dopants were
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considered: (i) clean interface, (ii) Sb atoms inside the Ge slab, (iii) different concentrations
of Sb atoms at the gr/Ge interface. In all cases, the atomic positions were allowed to relax
according to the procedure described in Methods until the equilibrium geometry was reached
and then other characteristics, such as STM images or the band structure, which can be
compared with the experimental data, were calculated. The resulting graphene corrugation,
main distances, graphene adsorption energies, as well as the position of the Dirac point for
all systems are summarized in Table S3 of the Supplementary Material.
For the clean gr/Ge(110) interface, without inclusion of any dopants, the equilibrium
geometry with the simulated STM images is shown in Fig. 3(e) (the armchair direction of
the graphene lattice is parallel to the < 11¯0 > direction of Ge(110)). According to the band
structure calculations, graphene is p-doped in this system with the position of the Dirac point
at ED − EF = +195 meV (see panel (b) of Fig. 7), which is consistent with the previously
published results for graphene grown on the Ge(001)/Si(001) epilayer [21]. Generally, the
band structure of graphene with the considered gr/Ge interface resembles the one of the free-
standing graphene layer, but just shifted upwards due to doping and without any indication
of orbital overlap of the valence band states of graphene and substrate. Our attempts
to reproduce the correct doping of graphene observed in experiment via implantation of
Sb atoms (according to the substrate specification) in the Ge slab does not improve the
situation - graphene remains p-doped with only a small energy variation of the Dirac point
position.
In order to reproduce the correct doping level of graphene on Ge(110), we based our
next model for this interface on our STM results, which clearly indicate the presence of a
large amount of dopant atoms at the gr/Ge(110) interface. [Here we would like to note
that at the resulting gr/n-Ge(110) interface the positions of dopant Sb atoms is random and
cannot be clearly identified. Therefore in our DFT calculations we limit ourselves to only
one atom distribution (intercalation of Sb in gr/Ge), although the local variations of the
dopant distributions, e. g. interstitial atoms in the Ge slab or/and in graphene, can locally
vary the calculated doping level.] In the considered crystallographic models, the Sb atoms
were regularly placed at the interface in different concentrations, i. e. the intercalation-like
gr/Sb/Ge(110) system was considered. One of such equilibrium structures, when Sb atoms
were initially placed directly under the carbon atoms (within the (
√
3×√3)R30◦ structure
with respect to the graphene lattice) with a concentration of 27 Sb atoms per (9×9) graphene
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supercell, and the respective simulated STM images are displayed in Fig. 3(f). The resulting
band structure of this system unfolded on the original (1 × 1) unit cell of graphene, i. e.
presenting the weight of the pi and σ states, is shown in Fig. 7(a) with the respective zoom
around the K-point in Fig. 7(c). From these results we conclude that graphene is n-doped in
this system with a position of the Dirac point of ED−EF = −170 meV, which is in a rather
good agreement with the experimental ARPES and STS data. As was mentioned earlier, the
exact modelling of such a disordered interface is very challenging as many irregular positions
for Sb dopants have to be considered.
III. CONCLUSION
In conclusion, we performed detailed studies of the electronic structure of the graphene/n-
Ge(110) interface from several µm down to nm-scale. This system was formed via atomic
carbon deposition on hot Ge(110) and it is demonstrated that the substrate temperature dur-
ing this procedure is the crucial factor defining the alignment of the formed graphene layer.
The increase of the deposition temperature leads to the transition from two-domain to single-
domain graphene growth on Ge(110). For both kinds of samples, two- and single-domain,
graphene on Ge(110) is almost free-standing and no orbital overlap of the valence band states
of graphene and Ge support is found. However, opposite to the previous experiments for
graphene grown on the Ge(001)/Si(001) epilayers, in our ARPES and STM/STS experiments
graphene is found n-doped with an ED position of −210 meV and −249 meV, respectively.
This effect is explained by the formation of a disordered layer of Sb dopants at the gr/Ge(110)
interface that was successfully confirmed by our DFT calculations. These dopants might ap-
pear at the Ge(110) surface during the preparation routine (sputtering/annealing) as well as
during high temperature carbon deposition. Our low temperature spectroscopic experiments
also demonstrate the Fermi velocity renormalization explained by the presence of the semi-
conducting substrate with the finite value of the dielectric constant, that leads to reduced
screening of the electron-electron interaction at the gr/Ge interface. Our findings, on the one
hand, demonstrate the perspectives on the application of the possible doping level tuning
of graphene on semiconductors depending on the substrate treatment and kinds of dopants.
On the other hand, such effects can drastically, and in some cases uncontrollably, change
the properties of the graphene-semiconductor interfaces that might limit their applicability
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for future graphene-based semiconductor nano(micro)electronics and spintronics.
Methods
Sample preparation
The growth of graphene and the initial characterization by means of LEED and STM/STS
were performed in an Omicron Cryogenic STM facility (base pressure < 1 × 10−10 mbar).
Prior to every experiment a Ge(110) substrate (G-materials (Germany), Sb doped, resistivity
0.35 Ω · cm) was cleaned via several cycles of Ar+-sputtering (1.5 keV, p = 1 × 10−5 mbar,
15 min) and annealing (T = 870◦C, 10 min). Graphene was grown on the hot Ge(110)
substrate at two different temperatures T = 850◦C (Sample A) and T = 900◦C (Sample
B) from an atomic carbon source (Dr. Eberl MBE-Komponenten GmbH) with a filament
current of I = 70 A and maximum pressure of 2 × 10−9 mbar during C-deposition. The
cleanliness and quality of the prepared samples were controlled by LEED and STM. After
preparation and STM/STS studies all samples were transferred under Ar-atmosphere to
other experimental facilities for photoemission and microscopic studies. Prior to every one
of the following experiments all samples were annealed under UHV conditions at T = 800◦C
for, at least, 30 min and the cleanliness and quality of the samples were controlled by core-
level and valence band photoemission as well as LEED.
Microscopy
STM and STS measurements were performed at ≈ 10 K in an Omicron Cryogenic STM.
Polycrystalline tungsten tips flash-annealed in UHV were used in all experiments. The sign
of the bias voltage corresponds to the potential applied to the sample. Differential conduc-
tance (dI/dV ) maps were recorded by means of standard lock-in technique by applying a
modulation voltage of 10 mV (rms) at a modulation frequency of 693.7 Hz to the tunneling
voltage.
LEEM experiments were performed on a SPECS FE-LEEM P90 system at a base pressure
of 2× 10−10 mbar. The sample potential was 15 kV with respect to the objective lens.
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Spectroscopy
All photoelectron spectroscopy experiments were performed at the BESSY II storage ring
(HZB Berlin). NEXAFS experiments were performed at the Russian-German beamline
in the partial electron yield (PEY) mode (repulsive potential U = −100 V) at the C K-
edge with an energy resolution of 100 meV. Absorption experiments performed at different
angles between sample surface and the direction of the incoming light allow to verify spatial
orientation of the valence band states via the so-called search-light-like effect.
The core-level XPS and valence-band ARPES experiments were performed at the
UE 56/2-PGM 1 beamline. Sample A was measured in the photoemission station using a
PHOIBOS 100-2D-CCD hemispherical analyzer from SPECS GmbH. In these experiments,
a 5-axis motorized manipulator was used, allowing for a precise alignment of the sample
in k-space. The sample was pre-aligned (via polar and azimuth angles rotations) in such a
way that the sample tilt scan was performed along the < 11¯0 > direction of the Ge(110)
substrate with the photoemission intensity on the channelplate images acquired along the
< 001¯ > direction of Ge(110). The final 3D data set of the photoemission intensity as a
function of kinetic energy and two emission angles, I(Ekin, angle1, angle2), were converted
into the I(EB, kx, ky) sets and were then carefully analyzed.
Sample B was measured in the new experimental station equipped with a KREIOS 150
electron analyzer from SPECS GmbH. The lens combination in this analyzer allows to collect
electrons with the 2D-CCD detector in one kx-direction for the full photoelectron emission
hemisphere of ±90◦. A hemispherical analyzer needs an entrance slit to select the ky-vectors
for energy dispersion. As a result, the second dimension in reciprocal space is scanned with
a scanning-lens option in order to obtain a full 3D data set, I(Ekin, kx, ky). This analyzer
also allows for real space photoelectron intensity imaging via scanning the lateral resolved
1D profile along the second dimension above the entrance slit. With that and 2D movable
field apertures a well defined measurement position can be chosen. The sample is placed on
the hexapod in this station allowing for its careful pre-alignment in k-space. The photon
energies for all XPS and ARPES data sets are specified in the text and in the figure captions.
All photoelectron spectroscopy measurements were performed at a sample temperature of
100 K. In all measurements, the correct position of the Fermi level was determined with a
Mo-poly plate which was in contact with the gr/Ge(110) samples.
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DFT calculations
DFT calculations based on plane-wave basis sets of 500 eV cutoff energy were performed
with the Vienna ab initio simulation package (VASP) [48, 49]. The Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [50] was employed. The electron-ion interaction
was described within the projector augmented wave (PAW) method [51] with C (2s, 2p),
Ge (4s, 4p), Sb (4d, 5s, 5p) and H (1s) states treated as valence states. The Brillouin-zone
integration was performed on Γ-centred symmetry reduced Monkhorst-Pack meshes using a
Gaussian smearing with σ = 0.05 eV, except for the calculation of total energies. For those
calculations, the tetrahedron method with Blo¨chl corrections [52] was employed. A 6×6×1
k-mesh was used. The DFT+U scheme [53, 54] was adopted for the treatment of Ge 2p
orbitals, with the parameter Ueff = U − J equal to −3.5 eV [55]. This approach reproduces
all features of the fcc-Ge band structure including an indirect band gap of 0.66 eV, the direct
gap at Γ of 0.94 eV and the spin-orbit splitting of 0.29 eV. For comparison: The calculations
employing HSE06 (a hybrid functional) [56] give values of 0.63 eV, 0.73 eV, 0.29 eV, respec-
tively [57, 58]. The corresponding experimental values are 0.66 eV, 0.89 eV and 0.29 eV [59].
Dispersion interactions were considered adding a 1/r6 atom-atom term as parameterised by
Grimme (“D2” parameterisation) [60].
The gr/Ge(110) interface with the armchair edge of graphene parallel to Ge 〈11¯0〉 was
modelled by a slab consisting of five Ge layers, with a graphene layer adsorbed from top side
of the slab and a vacuum gap of approximately 23 A˚. The used supercell has a (9×9) lateral
periodicity with respect to the graphene layer and (4× 4) lateral periodicity with respect to
the unit cell of the Ge(110) surface. The dangling bonds appearing at the bottom side of the
slab are substituted by H-atoms. In the case of gr/Sb/Ge(110), three concentrations were
investigated: 1 ML (27 Sb atoms per (9×9) graphene-related supercell), 0.6 ML, and 0.15 ML.
In each situation, Sb atoms were evenly distributed at the interface between graphene and
Ge(110). In order to model the gr/GexSby system, four Ge atoms of the interface layer
or of the middle Ge-layer, respectively, were substituted by the Sb-atoms. During the
structural optimisation procedure, the four bottom layers (three Ge layers and a H-layer)
were fixed at their bulk positions and the Ge-H distance of 1.54 A˚, whereas the positions
(x, y, z-coordinates) of all other ions were fully relaxed until forces became smaller than
0.02 eV A˚
−1
.
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The band structures calculated for the studied systems were unfolded to the graphene
(1 × 1) primitive unit cells according to the procedure described in Refs. 61, 62 with the
code BandUP. The STM images are calculated using the Tersoff-Hamann formalism [63].
Acknowledgement
The authors thank the German Research Foundation (DFG) for financial support within
the Priority Programme 1459 “Graphene”. We acknowledge the North-German Supercom-
puting Alliance (HLRN) for providing computer time. This research used resources of the
Advanced Light Source, which is a DOE Office of Science User Facility under contract no.
DE-AC02-05CH11231.
[1] Tetlow, H.; de Boer, J. P.; Ford, I. J.; Vvedensky, D. D.; Coraux, J.; Kantorovich, L. Physics
Reports 2014, 542, 195–295.
[2] Dedkov, Y.; Voloshina, E. J. Phys.: Condens. Matter 2015, 27, 303002.
[3] Wang, H.; Yu, G. Adv. Mater. 2016, 28, 4956–4975.
[4] Rezapour, M. R.; Myung, C. W.; Yun, J.; Ghassami, A.; Li, N.; Yu, S. U.; Hajibabaei, A.;
Park, Y.; Kim, K. S. ACS Appl. Mater. Interfaces 2017, 9, 24393–24406.
[5] Bae, S. et al. Nat. Nanotech. 2010, 5, 574–578.
[6] Ryu, J.; Kim, Y.; Won, D.; Kim, N.; Park, J. S.; Lee, E.-K.; Cho, D.; Cho, S.-P.; Kim, S. J.;
Ryu, G. H.; Shin, H.-A.-S.; Lee, Z.; Hong, B. H.; Cho, S. ACS Nano 2014, 8, 950–956.
[7] Park, J. J.; Hyun, W. J.; Mun, S. C.; Park, Y. T.; Park, O. O. ACS Appl. Mater. Interfaces
2015, 7, 6317–6324.
[8] Sahatiya, P.; Puttapati, S. K.; Srikanth, V. V. S. S.; Badhulika, S. Flex. Print. Electron. 2016,
1, 025006–10.
[9] Ambrosi, A.; Pumera, M. Nanoscale 2014, 6, 472–476.
[10] Lupina, G. et al. ACS Nano 2015, 9, 4776–4785.
[11] Gaddam, S.; Bjelkevig, C.; Ge, S.; Fukutani, K.; Dowben, P. A.; Kelber, J. A. J Phys-Condens
Mat 2011, 23, 072204.
15
[12] Sun, J.; Gao, T.; Song, X.; Zhao, Y.; Lin, Y.; Wang, H.; Ma, D.; Chen, Y.; Xiang, W.;
Wang, J.; Zhang, Y.; Liu, Z. J. Am. Chem. Soc. 2014, 136, 6574–6577.
[13] Emtsev, K. V.; Bostwick, A.; Horn, K.; Jobst, J.; Kellogg, G. L.; Ley, L.; McChesney, J. L.;
Ohta, T.; Reshanov, S. A.; Roehrl, J.; Rotenberg, E.; Schmid, A. K.; Waldmann, D.; We-
ber, H. B.; Seyller, T. Nat. Mater. 2009, 8, 203–207.
[14] Kruskopf, M.; Pakdehi, D. M.; Pierz, K.; Wundrack, S.; Stosch, R.; Dziomba, T.; Go¨tz, M.;
Baringhaus, J.; Aprojanz, J.; Tegenkamp, C.; Lidzba, J.; Seyller, T.; Hohls, F.; Ahlers, F. J.;
Schumacher, H. W. 2D Materials 2016, 3, 1–9.
[15] Lee, J.-H.; Lee, E. K.; Joo, W.-J.; Jang, Y.; Kim, B.-S.; Lim, J. Y.; Choi, S.-H.; Ahn, S. J.;
Ahn, J. R.; Park, M.-H.; Yang, C.-W.; Choi, B. L.; Hwang, S. W.; Whang, D. Science 2014,
344, 286–289.
[16] Jacobberger, R. M. et al. Nat. Commun. 2015, 6, 8006.
[17] Kiraly, B.; Jacobberger, R. M.; Mannix, A. J.; Campbell, G. P.; Bedzyk, M. J.; Arnold, M. S.;
Hersam, M. C.; Guisinger, N. P. Nano Lett. 2015, 15, 7414–7420.
[18] Pasternak, I.; Dabrowski, P.; Ciepielewski, P.; Kolkovsky, V.; Klusek, Z.; Baranowski, J. M.;
Strupin´ski, W. Nanoscale 2016, 8, 11241–11247.
[19] Lukosius, M.; Dabrowski, J.; Kitzmann, J.; Fursenko, O.; Akhtar, F.; Lisker, M.; Lippert, G.;
Schulze, S.; Yamamoto, Y.; Schubert, M. A.; Krause, H. M.; Wolff, A.; Mai, A.; Schroeder, T.;
Lupina, G. ACS Appl. Mater. Interfaces 2016, 8, 33786–33793.
[20] Dabrowski, P.; Rogala, M.; Pasternak, I.; Baranowski, J.; Strupinski, W.; Kopciuszynski, M.;
Zdyb, R.; Jalochowski, M.; Lutsyk, I.; Klusek, Z. Nano Res. 2017, 3, 11700–14.
[21] Dabrowski, J.; Lippert, G.; Avila, J.; Baringhaus, J.; Colambo, I.; Dedkov, Y. S.; Herziger, F.;
Lupina, G.; Maultzsch, J.; Schaffus, T.; Schroeder, T.; Kot, M.; Tegenkamp, C.; Vignaud, D.;
Asensio, M. C. Sci. Rep. 2016, 6, 31639.
[22] Olshanetsky, B. Z.; Repinsky, S. M.; Shklyaev, A. A. Surf. Sci. 1977, 64, 224–236.
[23] Ichikawa, T. Surf. Sci. 2004, 560, 205–212.
[24] Mullet, C. H.; Chiang, S. Surf. Sci. 2014, 621, 184–190.
[25] Tesch, J.; Voloshina, E.; Fonin, M.; Dedkov, Y. Carbon 2017, 122, 428–433.
[26] Rogge, P. C.; Foster, M. E.; Wofford, J. M.; McCarty, K. F.; Bartelt, N. C.; Dubon, O. D.
MRS Commun. 2015, 5, 539–546.
[27] Dai, J. et al. Nano Letters 2016, 16, 3160–3165.
16
[28] Hibino, H.; Kageshima, H.; Maeda, F.; Nagase, M.; Kobayashi, Y.; Yamaguchi, H. Phys. Rev.
B 2008, 77, 82–7.
[29] Ohta, T.; El Gabaly, F.; Bostwick, A.; McChesney, J. L.; Emtsev, K. V.; Schmid, A. K.;
Seyller, T.; Horn, K.; Rotenberg, E. New J. Phys. 2008, 10, 023034.
[30] Schro¨der, U. A.; Petrovic´, M.; Gerber, T.; Martinez-Galera, A. J.; Gr˚ana¨s, E.; Arman, M. A.;
Herbig, C.; Schnadt, J.; Kralj, M.; Knudsen, J.; Michely, T. 2D Materials 2016, 4, 1–9.
[31] Emtsev, K. V.; Zakharov, A. A.; Coletti, C.; Forti, S.; Starke, U. Phys. Rev. B 2011, 84,
125423–6.
[32] Kaloni, T. P.; Upadhyay Kahaly, M.; Cheng, Y. C.; Schwingenschlo¨gl, U. Europhys. Lett.
2012, 99, 57002–7.
[33] Baringhaus, J.; Sto¨hr, A.; Forti, S.; Starke, U.; Tegenkamp, C. Sci. Rep. 2015, 5, 9955.
[34] Voloshina, E.; Ovcharenko, R.; Shulakov, A.; Dedkov, Y. J. Chem. Phys. 2013, 138, 154706.
[35] Preobrajenski, A. B.; Ng, M. L.; Vinogradov, A. S.; Martensson, N. Phys. Rev. B 2008, 78,
073401.
[36] Weser, M.; Rehder, Y.; Horn, K.; Sicot, M.; Fonin, M.; Preobrajenski, A. B.; Voloshina, E. N.;
Goering, E.; Dedkov, Y. S. Appl. Phys. Lett. 2010, 96, 012504.
[37] Voloshina, E. N.; Generalov, A.; Weser, M.; Bo¨ttcher, S.; Horn, K.; Dedkov, Y. S. New J.
Phys. 2011, 13, 113028.
[38] Rutter, G. M.; Crain, J. N.; Guisinger, N. P.; Li, T.; First, P. N.; Stroscio, J. A. Science 2007,
317, 219–222.
[39] Simon, L.; Bena, C.; Vonau, F.; Cranney, M.; Aubel, D. J. Phys. D: Appl. Phys. 2011, 44,
464010.
[40] Mallet, P.; Brihuega, I.; Bose, S.; Ugeda, M. M.; Go´mez-Rodr´ıguez, J. M.; Kern, K.;
Veuillen, J. Y. Phys. Rev. B 2012, 86, 045444.
[41] Leicht, P.; Zielke, L.; Bouvron, S.; Moroni, R.; Voloshina, E.; Hammerschmidt, L.; Ded-
kov, Y. S.; Fonin, M. ACS Nano 2014, 8, 3735–3742.
[42] Trevisanutto, P.; Giorgetti, C.; Reining, L.; Ladisa, M.; Olevano, V. Phys. Rev. Lett. 2008,
101, 226405.
[43] Park, C.-H.; Giustino, F.; Spataru, C. D.; Cohen, M. L.; Louie, S. G. Nano Lett. 2009, 9,
4234–4239.
[44] Hwang, C.; Siegel, D. A.; Mo, S.-K.; Regan, W.; Ismach, A.; Zhang, Y.; Zettl, A.; Lanzara, A.
17
Sci. Rep. 2012, 2, 1–4.
[45] Ryu, H.; Hwang, J.; Wang, D.; Disa, A. S.; Denlinger, J.; Zhang, Y.; Mo, S.-K.; Hwang, C.;
Lanzara, A. Nano Lett. 2017, 17, 5914–5918.
[46] Smakula, A.; Skribanowitz, N.; Szorc, A. J. Appl. Phys. 1972, 43, 508–515.
[47] Samara, G. A. Phys. Rev. B 1983, 27, 3494–3505.
[48] Kresse, G.; Hafner, J. J. Phys.: Condens. Matter 1994, 6, 8245–8257.
[49] Kresse, G.; Furthmuller, J. Phys. Rev. B 1996, 54, 11169–11186.
[50] Perdew, J.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77, 3865–3868.
[51] Blo¨chl, P. E. Phys. Rev. B 1994, 50, 17953–17979.
[52] Blo¨chl, P. E.; Jepsen, O.; Andersen, O. Phys. Rev. B 1994, 49, 16223–16233.
[53] Anisimov, V. I.; Poteryaev, A. I.; Korotin, M. A.; Anokhin, A. O.; Kotliar, G. J. Phys.:
Condens. Matter 1997, 9, 7359–7367.
[54] Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.; Sutton, A. P. Phys. Rev.
B 1998, 57, 1505–1509.
[55] Persson, C.; Mirbt, S. Brazilian Journal of Physics 2006, 36, 286–290.
[56] Heyd, J.; Scuseria, G. E.; Ernzerhof, M. J. Chem. Phys. 2003, 118, 8207.
[57] Peralta, J. E.; Heyd, J.; Scuseria, G. E.; Martin, R. L. Phys. Rev. B 2006, 74, 073101–4.
[58] Stroppa, A.; Kresse, G.; Continenza, A. Phys. Rev. B 2011, 83, 085201–5.
[59] Grzybowski, G.; Roucka, R.; Mathews, J.; Jiang, L.; Beeler, R. T.; Kouvetakis, J.;
Mene´ndez, J. Phys. Rev. B 2011, 84, 205307–6.
[60] Grimme, S. J. Comput. Chem. 2006, 27, 1787–1799.
[61] Medeiros, P. V. C.; Stafstro¨m, S.; Bjo¨rk, J. Phys. Rev. B 2014, 89, 041407.
[62] Medeiros, P. V. C.; Tsirkin, S. S.; Stafstro¨m, S.; Bjo¨rk, J. Phys. Rev. B 2015, 91, 041116–5.
[63] Tersoff, J.; Hamann, D. R. Phys. Rev. B 1985, 31, 805–813.
18
FIG. 1: LEED images of Ge(110) (left column) and gr/Ge(110) prepared at two different substrate
temperatures of T = 850◦C (Sample A, middle column) and T = 900◦C (Sample B, right columns).
Images were acquired at the primary electron energy of 40 eV (middle row) and 75 eV (bottom row).
Small circles, rectangles, and hexagons mark the same LEED spots of Ge(110) before and after
graphene growth and are used to build the crystallographic model of the gr/Ge(110) interface.
Dashed- and solid-line big hexagons mark LEED spots for the two-domain (Sample A) and single-
domain (Sample B) graphene, respectively.
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FIG. 2: (a,b) LEEM images of gr/Ge(110) (Sample A) recorded at the electron energy of Evac +
2.82 eV and Evac + 4.80 eV, respectively. (c) Electron reflectivity as a function of electron energy
extracted for several places of gr/Ge(110) and marked by the respective digits in (a,b).
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FIG. 3: STM images of (a) a clean Ge(110) surface and (b-d) gr/Ge(110) (Sample B) at different
bias voltages (marked in every image). Tunneling parameters: (a) IT = 1 nA, (b-d) IT = 400 pA.
Bottom row presents structural models and the respective simulated STM images for (e) gr/Ge(110)
and (f) gr/Sb/Ge(110) interfaces. Black, blue, and red spheres are C, Ge, and Sb atoms, respec-
tively.
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FIG. 4: (a-c) XPS spectra of gr/n-Ge(110): survey, C 1s, and Ge 3d. Photon energies used in every
measurement are marked in every panel. A vertical bar in (a) marks the energy region where O 1s
can be expected in case of a contaminated sample. (d) Experimental C K-edge NEXAFS spectra
of gr/n-Ge(110), graphene, and gr/Ni(111). The respective theoretical spectra for the last two
samples are shown at the top of the panel.
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FIG. 5: Constant energy cuts of the ARPES intensity for (a) two-domain (Sample A) and (b) single-
domain (Sample B) gr/n-Ge(110). Dashed-line hexagons mark respective hexagonal Brillouin zones
of graphene for both samples. CECs are presented for binding energies of 1 eV, 2 eV, and 3 eV and
were extracted from the complete 3D data sets of the ARPES intensity. (c) ARPES intensity map
presented along the Γ−K1 direction (marked in (a)) of the graphene-derived Brillouin zone of one
of the graphene domains in Sample A. Inset of (c) shows the photoemission intensity cut along the
direction perpendicular to Γ−K (marked in (b)) for sample B. All ARPES data were collected at
T = 100 K with a photon energy of hν = 100 eV.
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FIG. 6: (a) STM and (b) dI/dV images of gr/Ge(110) acquired at VT = +200 mV and IT = 800 pA.
(c) FFT image of the dI/dV map presented in (b). Large dashed-line hexagon marks the reciprocal
lattice of graphene. Small point-dashed-line hexagon marks the Brillouin zone of graphene, where
intervalley scattering spots are located at the (
√
3 × √3)R30◦-positions (marked with (i), (ii),
and (iii) and their zoom are shown at the bottom of the panel). (d) Energy dispersion E(k) of
the electronic states of graphene on n-Ge(110) in the vicinity of the K-point (open rectangles are
experimental points and solid line is the linear fit with ED and vF parameters marked in the panel.
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FIG. 7: (a) Calculated electron energy dispersion of the graphene-derived pi and σ valence band
states along the main directions of the hexagonal Brillouin zone for the gr/n-Ge(110) system with
Sb dopants placed at the interface. The structures with the respective unit cell are shown in
Fig. 3(f) (graphene is n-doped). (b) Zoom of the energy dispersion of the graphene pi states in
the vicinity of the K-point for the clean gr/Ge(110) interface (graphene is p-doped). (c) Zoom of
the energy dispersion of the graphene pi states in the vicinity of the K-point from (a) (graphene is
n-doped).
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Movie S1. (available on request) The movie shows the binding energy scan through the
valence band of the graphene/n-Ge(111) system for Sample A (two-graphene-domains
sample). Left panel: Constant energy cuts at different binding energies; Brillouin zones
with different K-points, K1 and K2, corresponding to two different graphene domains are
marked by two dashed-line hexagons. Right panel: a series of the ARPES spectra along the
Γ−K1 direction (marked in the left panel) of the hexagonal graphene-derived Brillouin zone
corresponding to one of the graphene domains; pi1 and pi2 states are marked in the plot. Data
were collected with the PHOIBOS 100/2D-CCD analyzer and photon energy of hν = 100 eV.
Movie S2. (available on request) The movie shows the binding energy scan through the
valence band of the graphene/n-Ge(111) system for Sample B (single-graphene-domain
sample). Left panel: Constant energy cuts at different binding energies; Brillouin zone of
graphene is marked by dashed-line hexagon. Right panel: a series of the ARPES spectra
along the K− Γ−K direction (marked in the left panel) of the hexagonal graphene-derived
Brillouin zone. Data were collected with the KREIOS 150/2D-CCD analyzer and photon
energy of hν = 100 eV.
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Table S3. A set of parameters obtained for different gr-Ge systems discussed in the
text: graphene layer corrugation (in A˚), mean distance between a graphene layer and
top Ge layer (in A˚), mean distance between layer of Sb dopants and top Ge layer for
the intercalation-like systems (in A˚), interaction energy (in meV per C-atom), position of
the Dirac point with respect to the Fermi level (in meV). Considered systems: 1 - clean
gr/Ge(110) interface (Fig. S4); 2 - gr/Ge(110) where 4 Sb atoms replace random Ge atoms
in the top layer (Fig. S5); 3 - same as 2 but 4 Sb atoms replace Ge atoms in the 3rd Ge layer
(Fig. S6); 4 - gr/Sb/Ge(110) intercalation-like system with concentration of 4 Sb atoms
per (9 × 9) graphene supercell (Fig. S7); 5 - gr/Sb/Ge(110) intercalation-like system with
concentration of 16 Sb atoms per (9× 9) graphene supercell (Fig. S8); 6,7 - gr/Sb/Ge(110)
intercalation-like system with concentration of 27 Sb atoms per (9× 9) graphene supercell,
before geometry optimization Sb atoms were placed either directly under C-atoms (6,
Fig. S9) or in the center of the C-ring (7, Fig. S10).
gr-corr. gr-Ge dist. Sb-Ge dist. Eint ED − EF
System (A˚) (A˚) (A˚) (meV/C-atom) (meV)
1: gr/Ge(110) 0.09 3.54 −42 +195
2: gr/GexSby 0.14 3.56 −42 +100
(4 Sb in layer 1)
3: gr/GexSby 0.09 3.52 −42 +165
(4 Sb in layer 3)
4: gr/Sb/Ge 0.49 4.03 1.27 −32 +45
(4 Sb/u.c.)
5: gr/Sb/Ge 0.42 4.91 1.47 −33 −95
(16 Sb/u.c.)
6: gr/Sb/Ge 0.43 5.50 2.03 −41 −170
(27 Sb/u.c.)
7: gr/Sb/Ge 0.43 5.46 1.96 −41 −125
(27 Sb/u.c.)
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Figure S4. Top and side views of the clean gr/Ge(110) interface after geometry optimization
(System 1, Table S3).
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Figure S5. Top and side views of the gr/Ge(110) interface after geometry optimization
where 4 Sb atoms replace random Ge atoms in the top layer (System 2, Table S3).
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Figure S6. Top and side views of the gr/Ge(110) interface after geometry optimization
where 4 Sb atoms replace random Ge atoms in 3rd layer (System 3, Table S3).
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Figure S7. Top and side views of the gr/Sb/Ge(110) intercalation-like system after geom-
etry optimization with concentration of 4 Sb atoms per (9× 9) graphene supercell (System
4, Table S3).
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Figure S8. Top and side views of the gr/Sb/Ge(110) intercalation-like system after geome-
try optimization with concentration of 16 Sb atoms per (9× 9) graphene supercell (System
5, Table S3).
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Figure S9. Top and side views of the gr/Sb/Ge(110) intercalation-like system after geome-
try optimization with concentration of 27 Sb atoms per (9× 9) graphene supercell (System
6, Table S3). Before geometry optimization Sb atoms were placed directly under C-atoms.
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Figure S10. Top and side views of the gr/Sb/Ge(110) intercalation-like system after geome-
try optimization with concentration of 27 Sb atoms per (9×9) graphene supercell (System 7,
Table S3). Before geometry optimization Sb atoms were placed in the center of the C-rings.
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